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Abstract:

In tropical regions, abundant in iron-rich geological materials, caves that are genetically and
geographically associated with exploitable mineral deposits may develop. These caves have
speleological relevance and are environmentally and legally protected in Brazil. Thus, for
better planning of exploitation and environmental licensing, it is necessary to study the genesis
and development of the iron formation caves seeking to preserve them without impeding the
advancement of mining. This subject is complex, rarely studied, and few are the knowledges
on alternatives to predict the occurrence of these caves. This gap justifies the development
of research and products capable of assisting decision-makers, planners, and competent
authorities in supporting the definition of target sites for speleological prospecting in the field.
In this study, the prediction of the factors involved in the development of iron formation caves
was evaluated producing a map of susceptibility in a GIS environment using fuzzy logic and an
analytical hierarchic process (AHP). Therefore, the variables: iron oxide ratio, slope gradient,
normalised difference vegetation index (NDVI), plan curvature, profile curvature, lineament
intensity, and height above the nearest drainage (HAND) were selected. These variables
were obtained by processing of geospatial data from a region of the Gandarela Range (Minas
Gerais, Brazil). The fuzzy logic and AHP techniques were applied, and for the validation of
the results, a previously surveyed cave inventory was used. The results showed satisfactory
performance of the map produced in predicting areas favourable to the occurrence of iron
formation caves, presenting an area under the receiver operating characteristic (ROC) curve
of approximately 0.85, which indicates a high prediction rate and validates the proposed
method. Such results demonstrate that this susceptibility map was reliable and that the set
of criteria and weights used were suitable for mapping areas favorable for speleological
prospecting.
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INTRODUCTION
Among the environments favorable to the
development of karst relief forms, those associated
with the dissolution of limestone rocks are best
known in a global context. However, also other types
of rocks, such as quartzite, sandstone, granite, and
shale, may develop karstic forms (Webb & Finlayson,
1984; Piccini & Mecchia, 2009; Sauro et al., 2014;
Agapov et al., 2016; Holler, 2019). Karst features have
also been described in iron-rich geological materials,
usually in tropical regions, since the beginning of the
*talitanola@ufop.edu.br

20th century (Gautier, 1906; Dixey, 1920; Jutson,
1914). According to Maurity (1995), karst features in
iron formations have been found in India, Australia,
Brazil and several countries of Africa.
In Brazil, the first records of this type of karst date
from the 19th century (Souza & Carmo, 2015), but
specific studies were only carried out in the middle of
the 20th century (Guild, 1957; Simmons, 1963).
The Brazilian iron formation caves mainly develop
in the Ferriferous Quadrangle (FQ) and Carajás
Mineral Province (CMP). In these areas, iron-rich
geological materials occur, such as itabirites, banded
The author’s rights are protected under a Creative Commons AttributionNonCommercial 4.0 International (CC BY-NC 4.0) license.
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iron formations, hematitic phyllites, and supergene
materials such as ferricrete (“cangas”) (Auler &
Farrant, 1996).
Similar to their counterparts in karst environments,
the caves in iron formations have great speleological
(Souza & Carmo, 2015), archaeological (Baeta & Piló,
2015; Carmo & Kamino, 2017) and palaeontological
(Frank et al., 2012; Bittencourt et al., 2015) relevance.
The iron formation caves also present peculiar
biodiversity, containing extremely complex organisms,
mainly troglomorphic, many of which have not yet
been taxonomically described (Pipan & Culver, 2019);
these comprise populations restricted to the humid
and low luminosity underground environments
(Ferreira, 2005; Souza-Silva et al., 2011).
There is a close genetic and geographical relationship
between iron deposits and these caves (Souza &
Carmo, 2015). Therefore, the occurrence of one or more
iron formation caves in a mineral exploitation area
may significantly affect mining planning, reducing
economically minable iron reserves (Brandi et al.,
2015). Thus, iron formation caves are often subject
to legal restrictions in the face of mineral resource
exploitation, which leads to intense economic and
political pressure (Auler & Piló, 2015; Barbosa et al.,
2019). Therefore, an important variable in mineral
exploitation planning and environmental licensing is
the identification and understanding of the genesis
of iron formation caves, to meet the principles of
sustainable development by preserving the caves
without impeding the advancement of mining.
Some authors have investigated the genesis of
these caves (e.g., Twidale, 1987; Grimes & Spate,
2008; Auler et al., 2014, 2019; Calux et al., 2019),
but there are still many questions to be answered.
Therefore, limited understanding of the genesis and,
consequently, the geographic occurrence of these
caves has not yet been addressed.
One of the techniques widely used in decision making
for complex problems is multicriteria analysis through
analytical hierarchy process (AHP). AHP combines
information, knowledge, and expert judgment in an
efficient and systematic manner. This combination helps
meet the need for several types of assessments such
as landslide susceptibility mapping (Kayastha et al.,
2013), geological disasters (Wang & Yi, 2009), flood risk
(Ghosh & Kar, 2018; Chakraborty & Mukhopadhyay,
2019), and in the case of karst relief forms, sinkhole
susceptibility mapping (Taheri et al., 2015; Calligaris
et al., 2017). However, studies applying this technique
to map the susceptibility to iron formation caves
development are still scarce in literature, which justifies
further research on this subject.
Despite its wide application, one of the criticisms
of AHP is the failure to address the uncertainties of
pairwise comparison judgments (Pourghasemi et al.,
2012). This failure is because decision-makers choose
to express judgements in intervals rather than exact
numerical values (Najafi et al., 2014), which do not
replicate human mental processes (Zhang et al.,
2017). An alternative solution to this problem is the
combination of the AHP technique and fuzzy logic
(Yang et al., 2013).

Fuzzy logic enables the standardization of criteria
by considering a continuous scale of data, making it
more realistic than Boolean logic, which standardises
the data by binary association (Ghosh et al., 2012).
The use of fuzzy pertinence functions seeks to
prevent classes from being grouped into fixed limits.
This process is important for comparison of criteria
by direct aggregation. The combination of AHP and
fuzzy logic solves the problem of effective decisionmaking for multiple attributes (Yang et al., 2013),
allowing more flexible combinations of weighted
data.
Thus, the present work aims to map the susceptibility
to iron formation caves development in Gandarela
Range, a significant Brazilian mining region, through
multicriteria analysis using AHP and fuzzy logic. This
work is of great relevance as the numerous caves
present in this mountain range have made it difficult
or impossible to extract important deposits of iron
ore, which represent one of the main commodities of
the Brazilian economy.

STUDY AREA
The Gandarela Mountain Range (“Serra do
Gandarela”) is located in the southern central portion
of the state of Minas Gerais (southeast of Brazil),
constituting the most environmentally preserved area
of the Iron Quadrangle (Marent & Portilho, 2017). This
region is part of the Serra do Gandarela National Park
(SGNP), created to protect and preserve biological,
geological, hydrological, and speleological diversity.
The region also accommodates geomorphological
complexes composed of mountains and plateaus
associated with the ferricrete, including rupestrian
grassland and remnants of the Atlantic Forest
(Brazilian Government, 2014). The Iron Quadrangle
is one of the largest mineral provinces in the world
(Dorr, 1969), with vast reserves, especially of iron,
gold, and aluminium.
A 7.2 km² polygon was selected as a study area in
an NW oriented section of the mountain range where
the largest amount of known natural iron formation
caves in the region are concentrated (Fig. 1). The
vegetation includes semi-deciduous seasonal forests
(representatives of the Atlantic Forest), gallery forest,
and rupestrian grasslands (Oliveira et al., 2005;
Fernandes, 2016), which are associated with ferricrete
exposure and characterised by herbaceous species
typical of higher altitudes.
The exposed geological units are part of a
metasedimentary sequence from the Paleoproterozoic,
consisting of itabirites, dolomites, dolomitic itabirites,
and hematitic phyllites (Dorr, 1969; Alkmin &
Marshak, 1998). Caves typically develop in ferricrete,
at the tops of mountains that configure as plateaus.
Owing to the geological context associated with
materials rich in iron and aluminium, mining
companies have a great interest in the study region.
Some interventions related to mineral prospecting,
such as the exposed soil from trench opening and
drilling, were present in the ferricrete plateaus before
the creation of the SGNP.
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Fig. 1. Location map of the study area indicating elevation and the geological units.

The natural factors that condition the genesis of
caves in iron formations are still poorly understood.
However, works developed at FQ and CMP have
indicated certain indexes and parameters that
influence the genesis of these caves.
Iron formation caves usually have small dimensions
(Piló & Auler, 2009; Albuquerque et al., 2018),
and are found at depths less than 5 m below the
topographic surface (Auler et al., 2019). They develop
concordantly with slope gradient (Auler et al., 2019;
Piló & Auler, 2009), although at a gentler angle
(Fig. 2). The cave halls are small with irregular
morphology (Fig. 2A, B), displaying pendants and pillars
(Auler & Piló, 2005; Auler et al., 2014). The entrance
of the cavities is usually narrow and covered with
vegetation (Simmons, 1963; Dutra, 2013). Fine and

well-sorted ferriferous sediments and rock fragments
from gravitational collapse processes are present on
the floor (Fig. 2C) (Piló et al., 2015a; Dutra, 2017;
Auler et al., 2019).

MATERIALS AND METHODS
Criteria influencing the development
of iron formation caves
The iron formation caves in Brazil are associated
with certain iron units, such as ferricrete, banded iron
formations, and iron ores (Simmons, 1963; Dutra,
2013; Piló et al., 2015a; Auler et al., 2019), especially
in the most iron-rich facies (Calux, 2013). Some caves
develop at the interface between the ferricrete and
banded iron formation, while others develop within
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Fig. 2. A) Weathering profile of an itabirite outcrop; B) Iron formation cave in FQ with typical irregular morphology; C) Schematic
geological cross-section of a typical iron formation cave.

the ferricrete formation (Auler et al., 2019). Therefore,
an index that allows remote mapping of iron-rich
geological materials will prove useful. There are several
indices commonly used in digital image processing
to identify iron-rich targets, as iron oxide causes
absorption in the region of the spectral bands of blue
and green and an increase in reflectance in the red
band (Jensen, 2009). Among these, the iron oxide ratio
(IOR) (Segal, 1982), representing the ratio between the
spectral bands corresponding to red and blue, is often
reported. This index has been used to discriminate
iron oxides in lithological mapping (Ciampalini et al.,
2013; Mazhari et al., 2017; Gopinathan et al., 2020),
with good results, including under vegetation cover in
the CMP region (Ducart et al., 2016).
Morphometric parameters are of fundamental
importance in several geodynamic processes, such as
erosion (Bacellar et al., 2005), mass movements (Lee
et al., 2004; Di Napoli et al., 2020), and even in the
development of iron formation caves (Simmons, 1963;
Piló & Auler, 2009; Auler et al., 2019). Among these
parameters, the slope gradient (SP) and curvature are
frequently used.
The increase in slope favours surface and
subsurface water runoff and the consequent erosion
process, both geochemical and mechanical (Huggett,
2011; Summerfield, 2014). Indeed, Leite (1985)
shows that chemical leaching tends to increase with
the intensity of interflow. Similarly, the curvature
represents the shape of the terrain surface, allowing
the assessment of the slope ability to control the
flow of water through runoff (Wysocki et al., 2011)
and subsurface runoff (Steenhuis et al., 2005). This
runoff influences sediment distribution (Pahlavan-

Rad et al., 2016), vegetation (Florinsky & Kuryakova,
1996), and the intensity of geodynamic processes
(Pourghasemi et al., 2012; Arabameri & Pourghasemi,
2019). The curvature can be expressed both in terms
of the plan and profile curvature (Ruhe, 1975). The
plan curvature (PLC) depicts the shape of the terrain
surface perpendicular to the direction of the maximum
slope (Wilson & Gallant, 2000). It is associated with
the ability of the water to converge or diverge on the
slope (Wysocki et al., 2011). The profile curvature
(PRC) depicts the shape of the surface parallel to the
slope, i.e., in the direction of slope flow. It controls
changes in flow velocity and sediment transport
processes (Wilson & Gallant, 2000).
In this sense, Dutra (2013) states that the iron
formation caves tend to develop on high to medium
slopes, mainly in drainage headwaters with concave
geometry in terms of plan and profile. Iron formation
caves are frequent on the edges of plateaus and in
small topographic relief breaks across stretches of
slopes, as well as in the surroundings of drainage
channels and lagoons (Simmons, 1963; Piló and
Auler, 2009; Dutra, 2013).
Many authors (Calux, 2013; Piló et al., 2015b;
Dutra, 2017; Calux et al., 2019) point out that
the iron formation caves begin in a phreatic or
transitional environment and evolve in the vadose
zone. Despite being mostly humid, the caves do not
present permanent water flows or significant water
bodies (Dutra, 2013; Auler et al., 2014), and those
with internal hydrological interconnection are rare
(Calux & Cassimiro, 2015). Such findings indicate
that currently, the caves are above the regional water
table (Auler et al., 2019), which is often tens of metres
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deep (Calux & Cassimiro, 2015). However, after
significant rainfall events, water inflow through the
caves is observed, which percolates via fractures or
bio pores (Dutra, 2013). In these cases, some flow may
develop at the bottom of the caves as interflow (Freeze
& Cherry, 1979), which could be added to the runoff
and feed the temporary drainage channels identified
downstream. Therefore, the temporary drainage
channels tend to be related to the interflows identified
in the caves. These interflows constitute temporary
saturation zones above the regional phreatic surface.
The height above the nearest drainage (HAND)
model proposed by Rennó et al. (2008) enables the
assessment of the depth of temporary saturation
zones. This model is created by extracting the vertical
distance (relative difference) of each pixel from the
digital elevation model (DEM) concerning the altitude
position of the nearest drainage channel. This indicates
the topographic normalisation of the landscape by the
local drainage network, using the area of contribution
of this drainage as the process threshold. The values
produced by the HAND model are directly related to
the possible depth of the saturation surface feeding
the drainage channels. Theoretically, the lower the
HAND value, the greater the proximity of the terrain
surface to the subsurface saturation level (Nobre et
al., 2011), which in other situations represents the
regional water table surface. This value justifies the
application of the HAND model in studies related
to soil hydrological characteristics (Gharari et al.,
2011) in mapping areas subject to flooding (Nobre et
al., 2016; Zhang et al., 2018), and morphodynamic
processes (Kornejady et al., 2017).
Another relevant factor is the vegetation, which
is directly associated with the bedrock and the
topography (Lamounier et al., 2010). Thus, in ironenriched regions where iron formation caves develop,
like in ferricrete and itabirite outcrops, there is little to
no soil formation and vegetation tends to be rarefied,
classified as a ferruginous rupestrian grassland
(Stávale, 2012; Piló et al., 2015a). In the context of
FQ, rupestrian grassland is distributed in the highest
parts of the relief.
Piló et al. (2015b) point out that canga substantially
influences the floristic composition of rupestrian
grasslands, including some endemic species (Mota
et al., 2015). Iron formation caves are frequent in
topographic breaks (Piló & Auler, 2009; Dutra, 2013;
Auler et al., 2019), where talus deposits usually occur
in association with large vegetation cover. Moreover,
more developed vegetation patches inside plateaus
with rupestrian grassland may represent collapsed
caves or dolines (Pereira et al., 2012).
Therefore, indices that discriminate the various types
of vegetation can be useful to distinguish areas that
are susceptible to the development of iron formation
caves. Among the most used indices, the normalised
difference vegetation index (NDVI) stands out; this is
a dimensional radiometric measurement given by the
normalised ratio of multispectral images between the
near-infrared (NIR) and red (Red) bands of reflectance
(Jensen, 2009) (Eq. 1). NDVI values indicate the
density and vigour of the surface vegetation cover;
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the higher its value, the greater the amount of green
vegetation (Holben, 1986). Valid NDVI values lie on a
scale ranging from -1 to +1.
NDVI = (NIR - Red) / (NIR + Red)   (Eq. 1)
Morphostructural lineaments are superficial
linear features associated with some geological or
geomorphological structures, such as faults, fracture
zones, joints, ridges, and aligned valleys (Clark &
Wilson, 1994; Rogers & Engelder, 2004). They can be
easily identified through aerial photographs or radar
images (Sabins Jr, 1987; Casas et al., 2000). This
variable is hydrogeologically important as it tends to
indicate the path of water infiltration and percolation
in low permeable rock mass. The factors considered
most relevant for water circulation in rock mass with
low primary porosity and permeability are intensity,
aperture, and connectivity of discontinuities (Singhal
& Gupta, 2010). As there are several patterns of
discontinuities in the ferricrete region (Dutra, 2017),
the connectivity can be considered good. Fracture
aperture is a difficult parameter to measure in this
region, as a single discontinuity may present a variation
of this parameter in depth due to the continuous
processes of dissolution and precipitation, common
in the ferricrete (Ferreira, 2005; Spier et al., 2019).
As there is a good correlation between lineament and
fracture directions in the region (Dutra, 2017), the
lineament intensity (LI) (National Research Council,
1996) becomes the only reliable variable for an indirect
evaluation of superficial permeability (Florinsky,
2016). Therefore, this variable can be used in the
study of groundwater recharge (Senanayake et al.,
2016) and mapping groundwater zones (Srivastava &
Bhattacharya, 2000; Magesh et al., 2012). In addition,
tectonic planar structures, especially foliation planes
and fractures, control the genesis and development
of iron formation caves (Piló et al., 2015a). Structural
conditioning is also marked by narrow passages
between chambers, elongated chambers, conduit
directions reflecting the main fracture orientations,
and semi-parallel or parallel conduits (Piló & Auler,
2009; Dutra, 2013; Auler et al., 2019). The ferricretes
in the FQ region are generally not permeable (Dorr,
1969; Souza, 2018), and discontinuities exert the main
role for water circulation and spatial and temporal
development of caves (Dutra, 2017). Therefore, any
indicator that indirectly represents the intensity of
fractures, such as lineament intensity, tends to have
good significance for the genesis of caves.
Data processing
For the mapping of the susceptibility of iron
formation caves, a model using fuzzy logic and
AHP was proposed in this study, applied in a GIS
environment, and later validated following the
procedures illustrated in Figure 3. Among the criteria
selected for the susceptibility analysis, the following
seven were used: iron oxide ratio, slope gradient,
NDVI, PLC, PRC, lineament intensity, and HAND.
The geospatial data processing was performed with
ArcGIS (ESRI, 2012), Terra View (INPE, 2019), ENVI
(ENVI, 2001), and IDRISI Selva (Eastman, 2012)
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software. A 10-m cell was selected as the base resolution
to maintain spatial consistency and facilitate operation
between different rasters. Preparation procedures for
each data layer are summarised below.
The iron oxide ratio (IOR) was determined based
on satellite images from the Sentinel 2A mission,
capturing high resolution multispectral bands. The
scene used in this study corresponds to the processing
level 1C, where the images are orthorectified with top
atmosphere reflectance values (TOA) (ESA, 2015).
The 10-m resolution bands 2 (490 nm) and 4 (665
nm) captured on 13/07/2016 by the Multi-Spectral
Instrument (MSI) were used according to Eq. 2. This
scene was collected free of charge from the European
Space Agency (ESA).
Iron Oxide Ratio = band 4 / band 2   (Eq. 2)

The slope gradient (SP), curvature, in terms of
PLC and PRC, and the HAND were produced from a
10-m resolution DEM, derived from a cloud of points
acquired by LIDAR. The treatment and filtering of the
vegetation cover from the point cloud, as well as the
creation of the DEM, were processed using LAStools
software, while the HAND model was produced using
Terra View software (INPE, 2019).
The NDVI was determined using bands 3 (630 to
690 nm) and 5 (760 to 880 nm) captured by
the satellites of the RapidEye mission, with the
RapidEye Earth Imaging System (REIS) sensor. The
orthorectified scene has a resolution of 5 m and was
ceded by the Minas Gerais State Forest Institute (IEF).
The resolution of the scenes was changed to 10 m in
order to standardise the database.

Fig. 3. Flow chart for iron formation caves susceptibility assessment.

In this study, the morphostructural lineaments were
drawn based on a set of shaded relief rasters with
different lighting directions, generated from the radar
image (ALOS/PALSAR). This 12.5 m resolution image
was captured by Advanced Land Observing Satellite
(ALOS) with the Phased Array type L-band Synthetic
Aperture Radar (PALSAR) sensor and obtained free
of charge from the Alaska Satellite Facility (ASF)
database. Therefore, the lineament intensity was
obtained adding all the lineament lengths distributed
over a defined area of radius = 150 m.
An inventory of iron formation caves was prepared
to assist the process of evaluation and validation
of results. Data were collected from the Brazilian
Speleological Information Registry (CECAV, 2019) and
55 caves associated with iron formations were found
in the study area.

The cave inventory was randomly divided into two
groups: a training group (Group 1), with 70% of the
iron formation caves used for the standardisation of
criteria by fuzzy logic, and a validation group (Group
2), with 30% of iron formation caves, used for the
validation of the result.
Standardisation of criteria using
fuzzy sets theory
The inventory was standardised using fuzzy logic
to attain the weighted linear combination (WLC)
of the different criteria (Zadeh, 1965). This type of
standardisation considers a continuous scale of the
data, making it more realistic than Boolean logic,
which standardises the data by binary association
(Ghosh et al., 2012). The use of fuzzy pertinence
functions seeks to prevent classes from being grouped
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into fixed limits, ensuring a continuous and more
realistic variation (Schicker & Moon, 2012).
Fuzzy logic can be used in datasets of any measuring
scale as the weighting of the criteria is entirely
controlled by the expert, making it a simple technique
to understand and easy to implement (Pourghasemi
et al., 2012).
In this study, the original values of each criterion
were replaced by continuous and dimensionless
values, ranging from 0 (unfavorable) to 1 (favorable),
indicating a symmetric sigmoid type fuzzy pertinence
function (Brito et al., 2017), a function that best fitted
the database.
The control points of the symmetric sigmoid function
were determined from the mean and standard
deviation of the values of each criterion. These values
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were obtained by overlaying the pixels of the iron
formation caves (Group 1) on the respective pixels of
the adopted criteria.
Table 1 presents the control points (a, b, c, d)
obtained from the standardisation method used.
The points a and d correspond to the mean minus
standard deviation and mean plus standard deviation,
respectively. Points b and c correspond to the mean
values minus half the standard deviation and mean
plus half the standard deviation, respectively. This
standardisation technique aims to reduce human
uncertainty in the decision making when considering
the relevance of the values of each sub-criterion
individually. Therefore, this step becomes essential
in the preparation of data for AHP application in
susceptibility mapping.

Table 1. Control points from the fuzzy relevance function to the criteria.
Control points
Criteria
Iron Oxide Ratio (IOR)
Slope Gradient (SP)

µ-σ

µ - σ/2

µ + σ/2

a

b

c

µ+σ
d

0.553

0.617

0.746

0.811

29.673

38.809

57.081

66.218

NDVI

0.175

0.235

0.356

0.416

Plan Curvature (PLC)

-1.371

-0.807

0.321

0.885

Profile Curvature (PRC)

-0.740

-0.378

0.345

0.706

Lineament Intensity (LI)
HAND

7.825

8.956

11.218

12.349

103.727

139.853

212.103

248.228

Analytical Hierarchy Process (AHP)
AHP is a multi-criteria analysis method proposed by
Saaty (1996, 2004), which uses the relative importance
of criteria compared in pairs to give weight to each
criterion in front of the problem exposed and thus,
generates a solution for complex decisions.
The AHP can be divided into four stages (Tzeng &
Huang, 2011): (1) creation of a hierarchical system
from the decomposition of the problem into interrelated

elements; (2) creation of the matrix of comparison in
pairs between the criteria based on the attribution
of the values of the scale of importance suggested
by Saaty (1996, 2004), as presented in Table 2; (3)
summarisation of the subjective judgments of the
criteria and weighting of the relative weights from the
calculation of the standardised autovector; and (4)
aggregation of the relative weights to formulate the
best alternative.

Table 2. Scale of importance between the criteria (Saaty 1996, 2004).
Definition

Explanation

1

Intensity of importance

Equal importance

Two activities contribute equally to the objective

3

Moderate importance

5

Strong importance

7

Very strong importance

9

Extremely important

2, 4, 6, 8

Experience and judgement slightly favor one activity over
another
Experience and judgement strongly favor one activity over
another
Activity is strongly favored and its dominance
demonstrated in practice
The evidence favoring one activity over another is the
highest possible order of affirmation

Intermediate values between the two
adjacent judgements

Iron formation caves susceptibility
In this study, the susceptibility to development
of iron formation caves (CS) was integrated by a
weighted linear combination of fuzzified criteria. The
product is the iron formation caves susceptibility
map that is represented by a raster file whose pixel
values correspond to the CS values. This integration
was performed pixel by pixel resulting in a continuous
value ranging from 0 (lower susceptibility) to 1 (higher
susceptibility). The Natural Break (Jenks) classifier

When compromise is needed

of the GIS environment (Calligaris et al., 2013;
Myronidis et al., 2016) was used to determine the
four classification ranges: very high, high, moderate,
and low.
Validation
Validation is the most important step in the
classification process, as it enables the analysis of
the predictive capacity of the method (Hasekioğullari
& Ercanoglu, 2012; Wu et al., 2018; Roodposhti et
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al., 2014; Kumar & Anbalagan, 2016). In this work,
two forms of validation were used: the first consisted
of superimposing the inventory on the map and
visually evaluating the distribution of caves over the
classes. The second consisted of receiver operating
characteristic (ROC) analysis, which is widely used
in the evaluation of classification methods (Nicu,
2018; Das & Pal, 2019; Kadam et al., 2019). The
ROC analysis consists of correlating the rate of
true positives (correctly classified cave data) and
the rate of false positives (incorrectly classified
cave data). From this operation, the area under the
receiver operating characteristic curve (AUC) can be
determined, with an AUC result close to 1 regarded
as excellent. On the other hand, when the AUC value
approaches its threshold, i.e., close to 0.5, it is evident
that the method could not separate the desired
classes. The success rate was calculated based on
the AUC of the training dataset (Group 1) and the

prediction rate was based on the validation dataset
(Group 2).

RESULTS
Figure 4 presents the data layers with the results of
the seven parameters investigated in the study area.
The weighting factors, evaluated pairwise, were
applied to the seven criteria according to the importance
of each criterion in relation to the susceptibility to
development of iron formation caves, thus generating
the comparison matrix. The calculation of the
eigenvalues of the comparison matrix determines
the weights of each criterion (Table 3). Table 3
demonstrates that the most important parameter in
relation to the occurrence of iron formation caves is
the iron oxide ratio, followed by the slope gradient
and NDVI. The least important criteria are lineament
intensity and HAND.

Fig. 4. Data layers: a) iron oxide ratio; b) slope gradient; c) plan curvature; d) NDVI; e) profile curvature; f) lineaments intensity; and g) HAND.

The consistency ratio (CR) is used to evaluate the
consistency of the classification by the weights in the
AHP, for detecting contradictions in the determination
of relative importance. The CR value (Eq. 3) is based
on the consistency index (CI) (Eq. 4) and the random
consistency index (RI) (Table 4), developed by Saaty
(1996, 2004).
CR = IC / RI   (Eq. 3)

where,
CI: λmax - n / n-1   (Eq. 4)
λmax: main eigenvalue;
n: number of criteria of the problem;
RI: random consistency index for each n value.
The value of the limit for CR is 0.1 (Saaty, 2004).
Larger values indicate that the weights should be
revised. The CR value, in the study, was exactly 0.1,
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Table 3. Matrix for pair comparison, criteria weights, and consistency ratio.
Criteria

1

Iron Oxide Ratio (IOR)

2

3

4

5

6

7

Weights

1

0.367

Slope Gradient (SP)

1/2

1

0.257

NDVI

1/3

1/3

1

Plan Curvature (PLC)

1/7

1/5

1/5

1

Profile Curvature (PRC)

1/8

1/6

1/6

1/2

1

Lineament Intensity (LI)

1/9

1/7

1/9

1/3

1/3

1

HAND

1/9

1/7

1/9

1/3

1/3

1/2

0.202
0.065
0.052
0.031
1

0.025

Table 4. Random consistency index (RI).
N
RI

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

0

0

0.58

0.90

1.12

1.24

1.32

1.41

1.45

1.49

1.51

1.53

1.56

1.57

1.59

suggesting that the judgments applied in pairwise
comparison are consistent.
The CS values were integrated by a linear weighted
combination of the fuzzy criteria for each pixel. This
value was given by the sum of the products of the
weights assigned to each criterion, according to
Equation 5:
CS = (IOR ∙ 0.367) + (SP ∙ 0.257) + (NDVI ∙ 0.202) +
(PLC ∙ 0.065) + (PRC ∙ 0.052) + (LI ∙ 0.031) +
(HAND ∙ 0.025)   (Eq. 5)
The integration of the CS data resulted in a map
of susceptibility to iron formation caves development,
represented by four classes: very high, high, moderate,
and low (Fig. 5).

The results show that the very high class occupies
17.2% of the map and presents 35.1% of the mapped
iron formation caves (Table 5). Similarly, the high
class also presents 35.1% of the caves, which occupies
a larger area on the map (30.1%). The other classes,
moderate and low, occupy 33.7% and 19.0 of the
study area, respectively, covering 26.3% and 3.5% of
the caves.
The very high class occupies isolated portions
of continuous escarpments, with predominantly
rupestrian grassland vegetation, and surrounded by
the high class with shrubby vegetation. The moderate
class occupies an area with high slopes associated
with dense vegetation cover and concave plains. Flat
or very steep terrain covered by dense vegetation,
usually falls into the low class.

Fig. 5. Susceptibility map of the study area produced by Analytical Hierarchy Process.
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Table 5. Comparison between susceptibility classes and caves.
Classes
Low

Breaks

Grid %

Caves %

FR(a)

NFR(b)

0 – 0.17

19.0

3.5

0.18

0.09

Moderate

0.17 – 0.43

33.7

26.3

0.78

0.38

High

0.43 – 0.66

30.1

35.1

1.17

0.57

0.66 – 1.0

17.2

35.1

2.04

1

Very high
FR – Frequency Ratio;

(a)

NFR – Normalised Frequency Ratio

(b)

The frequency ratio (FR) was calculated to evaluate
the relationship between the classes and the
occurrence of caves, which corresponds to the ratio
between the relative frequency of cave occurrences
and that of the percentage grid covered by each class.
When this ratio is higher than 1, the relationship
between caves and class is strong. When it is less than
1, the relationship is weak (Lee & Pradhan, 2007; Lee
et al., 2012). Thus, as seen in Table 5, the FR of the
very high and high classes present values of 2.04 and
1.17, respectively, indicating a strong relationship

between the elements of the ratios. In contrast, the
normalised frequency ratio (NFR) value of the high
class is almost half of that for the very high class.
Therefore, the definition of the class intervals proved
to be adequate for mapping of susceptibility of iron
formation caves development.
To validate the success rate and prediction of the
map prepared in this study, two ROCs defined with a
limit of 100 analyses were used (Fig. 6). It is considered
that the closer AUC value is to 1, the greater the model
accuracy is (Kamp et al., 2008).

Fig 6. Receiver operating characteristic (ROC) curve analysis: (a) success rate curve using the training dataset;
(b) predicted curve using the validation dataset.

It is observed that the AUC value for the success rate
curve was 0.855 (Fig. 6a), while that for the predictive
rate curve was 0.852 (Fig. 6b). The proximity between
AUC values shows that the method exhibited a good
and reliable performance (Rasyid et al., 2016). The
two values of AUC (success rate curve and predictive
rate curve) should be approximately equal; however,
as the validation data are not used in modelling,
the AUC value obtained using the validation data is
usually lower than that for the success rate curve
(Ngadisih et al., 2014). Our results demonstrate a good
predictive ability of the proposed method to assess the
susceptibility to iron formation caves development
using AHP and fuzzy logic.

CONCLUSIONS
The occurrences of iron formation caves are closely
associated with large iron ore deposits and this
peculiarity makes the subject scarcely studied around
the world. The detection of areas susceptible to the
development of such caves is a very relevant theme
and was the main objective of this work.
The method employed for assessing susceptibility
(AHP) with standardisation of variables by fuzzy logic,

has proved adequate. Among the seven indicators
selected for the characterisation of susceptibility, the
most relevant in descending order were: iron oxide
ratio, slope gradient, and NDVI. The areas mapped
as high and very high susceptibility occupy 47.3% of
the land and comprise 70.2% of the caves dataset. In
comparison, the low susceptibility area occupies 19%
of the land and 3.5% of the caves.
The validated results suggest a good performance
of the method for rapid, inexpensive and remotebased prediction of areas favorable to the occurrence
of iron formation caves. The proposed workflow can
be considered as a tool capable of assisting decisionmakers, planners, and competent authorities to
support the identification of target speleological
prospection sites. It is worth noting that the method
has the potential to be used in two of the largest iron
producing regions of the world (CMP and FQ), where
such caves are frequent and interfere with the mining
industry. This study is innovative in the use of this
method, which presents as a limitation the lack of
other data for an effective comparison. The aggregation
of other data layers, such as aerogeophysical
surveys, might further improve the quality of the
results.
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